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S8ECTION 1.0
SUMMARY

Exhaust e nissions standards promulgated by the U.
S. Environmental Protection Agency for aircraft piston
engines, rising fuel prices and the possibiiity of reduced
fuel availability generated the need tor research aimed at
reducing exhaust emissions while at the same time
improving the fuel economy of General Aviation aircraft
piston engines.

Projected benefits from exploratory testing and
analytical predictions have resulted in this effort to
investigate and develop three concepts which, when
applied to an aircraft piston engine, provide reductions in
exhaust emiussions of hydrocarbons and carbon
monoxide while simultaneously improving fuel economy.

The three chosen concepts, (1) an improved fuel
injection system, (2) an improved cooling cylinder head,
and (3) exhaust air injection, when combined, show a
synergistic relationship tn achieving these goals.

In addition, variable igmtion iming was explored and
a fhght test was conducted on a prototype engiwne
containing all the improvements.

The results show that a thghtworthy engine can be
designed to reduce emissions of carbon monoxide and
hydrocarbons to levels we'l withun the former EPA
standards, while at the same ime showing improvements
in tuel economy of over 6 percent on atypical fight profile
and 27 percent on the LTO cycle

SECTION 2.0
INTRODUCTION

The Arwrcraft Products Diwvision of Teledyne
Continental Motors (TCM has been actively engaged in
research aimed at imp oving the fuel economy and
reducing exhaust emissions of its General Aviation
aircraft piston engines The requirement for this work
came from two sources First, the U S Enwvironmental
Protaction Agency (EPA). u:der provisions of Section
231 of the Clean Air Act set exhaust emissions standards
for arrcraft and aircraft engines (1)° This regulation.
published 1n 1973, inciuded standards for aicraft piston
engines which were to go into effect after December 31,
1979 Second. recent awareness of the need for reduced
energy consumption by the vanous sectors of private and
public transportation led to efforts to improve the fuel
economy of General Aviation aircraft piston engines This
effort was given impetus by the reahty of increased fuel
prices and the possibility of reduced fuei availability

The work presented here was done under Contract
NAS3-19755 funded jointly by NASA Lew:s Research
Center and Teledyne Continental Motors

* Numbers 1n parenthesis designate references at end of paper

1

SECTION 3.0
FUEL ECONOMY AND THE
AIRCRAFT PISTON ENGINE

The fuel economy of the modern air-cooled aircraft
piston engine depends to a great extent on a number of
considerations not directly related to the efficiency of the
combustion process. Engine cooling, pilot fuel
management technique, matenal limitations, engine
acceleration, detonation and cold starting all play a partin
the overall fuel economy of the engine throughout its
operating range.

A generalized mixture ratio curve presented in Figure
1 shows the effect that fuel-air ratio has on fuel economy,
power, cylinder head temperature (CHT) and exhaust gas
temperature (EGT). While the absolute values of these
parameters change with engine power, the relationship
shown here 1s approximately (rue for operation over the
normal thght regime of the engine from 40 - 100% power.
Best power occurs at about 0.076 fuel-air ratio, peak
cylinder head temperature at 0.067 which is the
stoichiometnc (chemically correct) fuel-air ratio, peak
exhaust gas temperature at 0.062, and best economy at 25
F° lean of peak EGT at a fuel-air ratio in the vicinity of
0059

Beyond best economy, a point exists where the EGT
begins to increase before the lean misfire limit isreached.
This increase :n EGT 1s thought to be the result of retarded
flame propagation from the flame kernel initiated by one
or both of the two spark plugs in the combustion chamber.
As the mixture 1s leaned beyond this point, the retardation
of flame propagation increases, delaymmg complete
combustion to a point later in the expansion stroke The
result 1s higher EGT, lower CHT, lower power and poorer
fuel economy Taken to an extreme where one magneto 1s
turned off so that only one spark plug fires. the same
eftect can be demonstrated except increases in EGT of
about 250 F° can occur

While the “lean mistire limit” has been variously
defined (2-5). it will be defined nere as a point at which the
engine operator detects audible roughness in engine
operation. This point 1s charactenzed by a sudden
decrease in EGT and usually occurs between fuel-air
ratios of 052 and 042 dependirg on the engine. ignition
timing and fuel system

From Figure 11t 1s easy to postulate a fuel schedule
for maximum economy, disregarding any additional
practical considerations When full power 1s desired, the
engine must be operated at wide open throttle and best
power fuel-air ratioc Between full power and closed
throttie the engine should be operated at best economy
fuei-air ratio At closed throttle, regardless of engine
speed. the leanest possible fuel-ar ratio which will



maintain steady combustion will yigld minimum tuel
consumption. The latter flight condition can be visualized
as a closed throttie, high speed descent where the airflow
across the propeller is overdriving the engine.

However, when practical engine operation is
considered, limitations to this ideal fuel schedule mustbe
taken into account as shown in Figure 2. The 10-520
engine is the basis for the work done in this study and its
specifications are presented in Table 1. TCM continuous
flow fuel system normally used on this engine is a simple,
low cost, reliable system which responds only to
variations in throttie angle and engine speed (6). Because
this type of fuel injection system is insensitive to
variations in ambient air density, nominal full rich fuel
flow is set at a value which provides a margin for adequate
performance. The production tolerance band permits the
full rich fuel flow to fall anywhere within these limits for
standard day conditions. Manual leaning is permitted
only within the shaded area.

This restricted manual leaning region is intended to
provide adequate cooling and detonation free operation
at maximum rated power (105% of maximum continuous
power), as well as in the climb power region from 75% to
100% power. Variable geometry cowl flaps aiso aid in
cooling the engine during climb, reducing the
requirement for further enrichening the fuel-air mixture to
maintain cylinder head temperatures below the aliowable
limit of 460°F.

At 75% power - that is, a manifold pressure and RPM
which gives 75% power at full rich fuel flow - leaning 1s
permitted to peak EGT long enough to determine its value
so that enrichening to 50 F° rich of peak EGT is possible.
This limitation is set to provide exhaust valve and valve
guide durability as well as a detonation margin. The
Icaning limit of 50 F° rich of peak EGT applies to cruise
operation in the 65% to 75% power range.

At 65% power or below, leaning to peak EGT or below
is allowed, as the value of peak EGT is below that which
occurs at the 75% maximum cruise power point when set
50 F° rich of peak EGT (7).

From Figure 2 then, it can be seen that the fuel
economy potential of this engine can be fully reahized only
in operation at or below 65% of maximum continuous
power.

While the fuel economy potential of the engine itself
1S important, overall aircraft fuel economy 1s dictated by
airframe aerodynamic efficiency. The 7500-foot density
altitude cruise performance of a typical General Aviation
single-engine aircraft is shown in Figure 3. Maximum
economy for the arrcraft occurs at 55% power giving a
savirngs of 19.5% in fuel used per mile over cruise at 75%
power at the expense of 18.5% more time in cruise. If
operation at best economy were permitted at 75% power,
2 fuel savings of 9% would be possible over operation at
75% power and 50 F° rnich of peak EGT In order for
operation at best economy and 75% power to be
permitted, the obstacles of exhaust valve and valve stem
durability would have to be overcome.

Ot course. fuel economy during the non-cruise
modes of operation can also be improved. Below the
normal minimum cruise power level of about 42% of
maximum continuous power fuel savings can be achieved
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Manufacturer

Model

Cylinder Arrangement
Compression Ratio

Bore (inches)

Stroke (inches)

Piston Displacement (cu. in.)

BRAKE HORSEPOWER
Rated Maximum Takeoff
Rated Maximum Continuous
Maximum Cruise

IGNITION SYSTEM
Spark Timing
Firing Order

DIMENSIONS AND WEIGHT
Length (inches)
Width (inches)
Height (inches)
Basic Engine Dry Weight (ib)
Total Weight of Basic
Engine and Accessories (Ib)

FUEL SYSTEM

Tabte 1 - 10-520 Engine Specification

Teladyne Continental Motors
10-520

Six Cylinder Horizontally Opposed
85:1

5.25

4.00

520

300 @ 2850 RPM
285 @ 2700 RPM
215 @ 2550 RPM

DUAL MAGNETO
22° 8TC
1-6-3-25-4

36.86
33.56
23.79
430

472

Teledyne Continental Motors
Continuous Flow Fuel Injection

MINIMUM OCTANE REQUIREMENT 100/130 Avgas
7 v
Production Fuel Injection System Full Rich Tolerance Band
Rich Limit
6 ominal F."". Rich Constant RPM/Manifold Pressure
) -/ %k:"’s Mixture Ratio Curves
‘ - J
~ 225" Wy 2340 e /<
o 50RPM 5550 aPM 2700 RPM 2850 RPM

235" H
-9 Wy

BSFC, Ilbm/BHP-hr
o
T

- Manual Leaning Permitted

26.2" Hg 2070y WOT. r

\
-50° Rich of Peak EGT

Only In Shaded Aress Best Economy Limit
'4- Normal Cruise Operating Range —-l
3 1 A 1 1 A A L
40 50 60 70 80 90 100 110

Percent Of Maximum Continuous Power

Fig. 2 - 10-520 engine propelier load fuel economy and operating range limitations at sea level.
3



by operating in accordance with the previously
postulated maximum economy fuel schedule. In this
region, operation at best economy fuel-air ratio is
desirable. There are several practical considerations
which must be dealt with. Near idie, the fuel system must
be set rich enough to give consistent cold starting and
cold idle operation. Since no acceleration pump is used
on the TCM fuel injection system, fuel flow must be
sufficient to provide acceptable engine transient
response to wide open throttle from all part throttle
operating points.

Another effect of lean operation at low powers which
is more difficult to quantify is the reduction in cylinder
head durability due to low cycle thermal stress
superimposed upon the high cycle mechanical stress of
combustion pressure. This low cycle thermal stress is
caused by the normal aircraft operating cycle - high
cylinder head temperatures during take off and climb
modes of operation and low temperatures dunng high
speed descent modes. Leaning to best economy in
descent at low powers results in cylinder head
temperatures which are lower than at best power or even
full rich fuel flow (see Figure 1). This overcooling effect
can have an impact on cylinder head life.

The following list summarizes the limitations that
presently exist which prevent maximum possible fuel
economy from being realized for the 10-520 engine.

1. Rich operation in all operating modes except
cruise, to accommodate fuel injection system
insensitivity to changes in ambient pressure
and temperature.

2. Rich operation in all low power modes to aliow
smooth engine transient response.

3. Rich operation at high powers for cylinder
head cooling and detonation suppression.

4. Restricted leaning between 65 - 75% because
of matenal limitations (valves, valve guides,
and cylinder heads)

5. Pilot manual mixture controf technique

SECTION 4.0
EXHAUST EMISSIONS AND THE
AIRCRAFT PISTON ENGINE

Once the fuel-air ratio mixture requirements are
understood as being a function of engine operational
considerations for the model 10-520 aircraft piston
engine, the exhaust em:ssion charactenstics are more
easily put into perspective. Table 2 1s an example flight
profile for a single engine, General Aviation aircraft which
will be used as the basis for the discussion of both fuel
economy and exhaust emissions This fught profile
involves a flight of 328 8 statute miles over a totaltimeof 2
hours and 14 minutes using 26.14 gailons of fuel.

The first four modes - Idie, Tax: Out, Takeoff, Climb
and the last three modes - Approach, Taxi In, Idlie -
compnse a landing/takeoff (LTO) cycle of operation
below 3.000 feet above mean sea level (MSL) All
operation in the LTO cycie 1s at full rich mixture While
20% of the total ime s spent inthe LTO modes, only 6% cf
the total distance I1s covered using 13% of the fuel
consumed dunng the trip.
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lable 2 - Example flight profile for a single-engne General Aviation airplane powered by a TCM 10-520 engine

% MAX TRUE |[DISTANCE | FUEL FUEL
MODE TIMEIN | CONTIN |AIRSPEED [TRAVELED| RATE USED JALTITUDE MIXTURE
oF MODE uous (stat.  |PER MODE |PER MODE |PER MODE (feet LEVER
OPERATION {mmutes) | POWER mi/hr)  [{statute mi) | (bm/hr) | {(Gallons) ASL) POSITION
10LE 1.0 05 - 6.0 .02 S.L FULL RICH
LJTAXI OUY 1o 28 - - 14.0 44 S.L. FULL RICH
TAKEOFF 03 1053 - - 148.0 A3 S.L FULL RICH
cLime 5.0 75.0 108 9.0 105.8 152 ) S.L.+3000' | FULL RICH
ENROUTE CLIMB 15 15.0 108 138 930 200 3000+-75G2°{ PART LEAN
CRUISE 90.0 65.0 179 268.5 73.7 19.06 | 7500 BEST ECOM.OMY
CRUISE DESCENT 8.0 55.0 179 270 64.0 .65 7500+3000° | BEST ECONOMY
APPROACH 6.0 40.0 108 108 68.2 118 3000S.L. ] FULL RICH
*{TAXI IN 30 28 - - 140 R ¥ S.L. FULL RICH
IDLE 1.0 05 - ~ 6.0 02 S.L. FULL RICH
TOTALS 1338 - - 328.8 - 26.14 - -
AVG. TRIP FUEL ECONOMY (mi/gal) - 12.58
AVG. TRIP SPEED (mi/hr) - 147.44
PERCENT FUEL USED DURING LTO CYCLE - 13.12
PERCENT TIME SPENT IN LTO CYCLE - 20.40
PERCENT DISTANCE TRAVELED DURING LTO CYCLE - 6.02
¢ EMISSIONS LANDING/TAKEOFF (LTO) CYCLE MODES
Table 3A - EPA five-mode landing /takeotf (LTO) cycle requirements
MODE NO. MODE NAME TIME-IN-MODE POWER ENGINE RPM
(min.) (%) {%)
1 TAXI/IDLE OUT 120 te b
2 TAKEOFF 03 100 100
3 cLims 5.0 75 to 100 b
4 APPROACH 6.0 40 b
5 TAXVIDLE IN ) 49 oo hee
TOTALCYCLE 273
®** Manufacturer’'s Recommended
Table 3B  10-520 five mode landing:takeoff (L TO) cycle
Power and engine RPM are in percent of maximum continuons (285 BHP/2700 RPM)
MODE NO MODE NAME TIME IN MODE PCWER ENGINE RPM
(min)) {%) (%)
} TAX! IDLE OUT 120 28 44 4
2 TAKEOFF 03 1053 105.6
3 CLIMB 50 50 92.6
4 APPROACH 60 400 778
5 TAX! IDLE IN 40 28 44 4
TOTAL CYCLE 273




The EPA five-mode LTO cycle is presented in Table
3A. Note that the separate /dle and Taxi modes of Table 2
are combined into Taxi/ldle Outand Taxi/ldle In modes in
Table 3A. The power level of these modes, as permitted by
the EPA, may be recommended by the manufacturer. For
this engine, the Taxi/ldle mode will be 1200 RPM engine
speed (about 3.0% power). The climb mode was selected
at 75% maximum continuous power as shown in Table 38.

The EPA standards for emission of CO, HC and NOx are
shown in Table 4, where emissions of each poliutant for
the five-mode LTO cycle are calculated as follows:

(5 )

BHP {(maximum rated)

i=1

e {lbm P /BHP - cycle)

(n
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Table 4 -
standards for the i

POLLUTANT

EPA aircraft piston engine exhaust emissions

ve-mode LTO cycle.

EPA STANDARD

CcO
HC
NOx

042 ibm CO/BHP cvcle
0019 lbm HC/BHP cycle
0015 ibm NOx/BHP cycle



where P is the total mass of pollptam P per brake horse-

power over the five-mode cycle, my

pollutant in the ith mode and t; is the time-in-mode for the

ith mode.

During operation of an aircraft below 3,000 feet MSL,
it 1Is common practice to leave the mixture in the full-rich
position. Since exhaust emissions are a principal function
of power and fuel-air ratio, the fuli-rich mixture schedule
1s the determinming factor in emission levels curing LTO
cycle operation. Figure 4 shows fuel-air ratio variation
limits based on the production fuel flow tolerance band
for the 10-520 engine as a function of percent maximum
continuous power Vanations in power and fuel-air ratio
due to non-standard day conditions are not included.
since all emissions testing 1s done at standard sea level
conditions (60° F, 60% relative humidity, 29 92 in. Hg
pressure) Full rich fuel-air ratios can vary from 0.0785to
0.1010 over the power range. The tendency is for fuel-air
ratios to be near best power at high powers and slightly
rich of that at lower powers to promote suitable transient
response even at adverse ambient conditions.

The exhaust emissions of this engine operated over
the LTO cycle are shown in Figure 5, as a percent of EPA
standard. The emissions at the nch imit and lean limit of
the production fuel fiow tolerance band for the LTO cycle
show the large variabihity which might exist in production
10-520 engines Carbon monoxide could vary from 156 to
208 percent of the EPA limits, hydrocarbon vanations
from 107 to 129 percent of the standard are possibleand a
range of oxides of nitrogen from 12 to 8 percent could
occur From this it seems ciear that any attempts to

240
220 208 Rich Fuel Flow Limit
200 - Lean Fuel
180 Flow Limit
°
g 160 156
= Rich Limit
& 140
é 120 Lean Limit
£ 100 = e 2 e
§ 80
& Rich
60 ) ~—Limit
Lean
40 / Limit
20 ’ 8 12
o - |

Cco HC NOx

Fig. 5 - 10-520 exhaust emissions as a percent of EPA
standards for rich and lean limit production fuel flow over
the LTO rycle

_is the mass rate of the
'
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Fig. 6 - Individual mode contributions to total LTO cycle
emissions levels of the 10-520 engine at nominat
production schedule fuel fiows.



control emissions should begin by reducing this wide
variability through improved fuel injection system design.
The next step would be to address individually each item
which forces the fuel system to be richer than necessary
over the entire operating range. Items such as engine
transient response from low powers, cylinder head
cooling at higher powers and exhaust valve guide and
valve durability at moderate powers must be maintained
at least at present levels.

Figure 6 shows the contribution of each of the five
LTO 1a0des to the total emissions of CO, HC, and NOx.
The Takeoff mode does not contribute significantly to any
of the three pollutant totals because it comprises only one
percent of the LTO cycle time of 27.3 minutes.
Concentrating efforts on the control of CO in the Cimb
and Approach modes, and HC in the Taxi/ldie modes will
produce the most beneficial results. White NOx remains
well below the EPA standard levels for full rich operation
of the engine (Figure 5), attempts to control CO and HC
by lean operation will result in increases in the NOx levels.

SECTION 5.0
CHOOSING THE THREE CONCEPTS

At the outset of this study an extensive hterature
search was conducted to choose a list of concepts whicls
would be applied to the aircraft piston engine for the
purpose of reducing exhaust emissions and improving
fuel economy Focurteen promising concepts, shown in
Table 5, were selected for further evaluation.

Also, a set of cost-eftectiveness criteria was selectad
by which the relative ments and benefits of the fourteen
concepts could be evaluated. Table 6 i1s a list of these
cntena

A decision model that incorporates a computational
algornthm (8, 9) was used to take the quantitative and
quahtative judgements of a team of tour engineers and
provide a consensus ranking of “e cntena The criteria
were assigned weighted values (emphasis coefficients)
and an associated uncertainty factor (absolute certainty
equals zero) as shown in Table 7. Then the concepts were
ranked using the weighted criteria The decision
algonthm gave a final ranking of the concepts in order of
importance and assigned weig'ited values (ment
coefficients) and the associated uncertainties. as listed in
Table 8

Table 9 shows a matnx of concepts and cnteria which
indicates the relative rank of each of the concepts for each
cntenion The three highest ranking concepts were thus
chosen to be the most promising of the fourteen
candidates in the effort to reduce exhaust emissions and
improve fuel economy

. Improved Cooling Cylinder Head
[ Improved Fuel Injection System
. Exhaust Air Injection

Table 5 - Selected Emission Reduction Concepts

Stratified Charge Combustion Chambers

Honda Compound Vortex Controlled Combustion
- Texaco Controlied Combustion System

~ Ford Programmed Combustion
Improved Cooling Cy!inder Head
Diesel Combustion Chambers

~ Four Stroke Open Chamber
- Two Stroke, McCulloch

Vaniable Camshaft Timing
improved Fuei Injection Systems

Ultrasonic Fuel Atomizat.on —
Autotronics System

Thermal Fuel Vaporization -
Ethy! Turbulent Flow System

lgnttion Systems

Multipie Spark Discharge

Variable Timing

Hydrogen Entichment

E xhaust Air Injection

Table 6 Selected cost etfectiveness ciitena used
to evaluate the engine exhaust emisston
reduction gesign concepts

COosT ®* MATERIALS
RELIABILITY e INTEGRATION
SAFETY * PRODUCIBILITY
TECHNOLOGY o FUEL ECONOMY
PERFORMANCE ® WEIGHT & S1/E
COOL ING * MAINTAINABILITY

ADAPTABILITY
OPERATIONAL
CHARACTERISTICS

& MAINTENANCE
EMISSIONS
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Table 7 Engine exhaust emission reduction criteria emphasis coetticients and ranking optimized

CRITERIA EMPHASIS COEFFICIENT UNCERTAINTY
€ musstons 0 10952 000138
Satety 009676 000750
Pettormance 008714 000701
Cooling 0 07645 0.00707
Weight and Size 007238 001159
Fuel Evonomy 0 06930 001020
Cost 006771 001192
Rehatnirty 005933 000903
Technology 0 05548 0 00658
Opetational Chardcter istics 004200 0.01059
Mamntainabuhity and Maintenance 004029 0.00924
Inteqgration 003324 0 00295
Materials 0 03029 0 00305
Producituhity 002933 ¢ 00210
Adaptabihity 002781 0 00267

Table 8 Engine exhaust emission reduction concept tingl ranking

CONCEPT RANK MERIT COEFFICIENT UNCERTAINTY
Improved Cooling Cyhnder Head 1 007294 002391
Impsoved Fuel Injection Systems 2 007084 002165
Exhaust A Inedc tion 3 0 06540 0 02096
Multiple Spark Discharge System q 0 06485 002201
Uiitasonic £ ael Atomization, Autotrome ] 005822 002018
Vanatde Timing System o 005761 402024
Thetmat Fuet Vaponization, Ethyl 7 0 05390 0013886
Hydrogen Ennchment, JPL 8 004974 001641
Teww o CCS 9 004397 001657
Two 51 oke Diese!, McCultoch 10 004374 001691
Ford P2 OCO n 004210 0 .1549
Vanabie Camshatt Lining 12 004081 001659
Honda CVCC 13 004057 001548
f out Stroke Diesel, Cpen Chamber 14 003471 001432
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CRITERIA

DOMINANT SECONDARY MINOR

i EMISSIONS

‘ WEIGHT AND SIZE

| FUEL ECONOMY

I MAINTAINABILITY
AND MAINTENANCE

| INTEGRATION

| MATERIALS

PRODLCIBILITY
ADAPTABILITY

| PERFORMANCE

| RELIABILITY
| TECHNOLOGY

IMPROVED COOLING CYLINDER HEAD ARIKIRER 6]3|2] 1| 1]6]3]2]a
IMPROVED FUEL INJECTION SYSTEM 3l 2] 1|af2lsirlalr]l 6] 2]al2]2]s
EXHAUST AIR INJECTION als|slo]lefra]l1|s]3] 3] s]2]ef1]r
MULTIPLE SPARK DISCHARGE SYSTEM wlafslrlsp2lalelal 2] 3)1i1]s}2]
ULTRASONIC FUEL ATOMIZ, AUTORONIC 12] a] 911l s|w] 4] 1]s] s ajwefa] s}
'VARIABLE TIMING IGNITION SYSTEM 136l 3|stalnlslzlr| s ef3]s]s]s,
THERMAL FUEL VAPORIZATION. ETHYL 11| 7fw0f13] 7] o] 3| 2| 6] 4] 7} 9] *{ 3]s
HYDROGEN ENRICHMENT, JPL 1{1a] 7| 4] 8] 1]12] 8] 9} 12| 8] 7]1a; =] 8
TEXACO CCS 5] sf12] 2}0f 2t10}12]13) 10 | 13 juafrrn
TWO-STROKE DIESEL, McCULLOCH 1] 2] s]13] a{r3] 9|1} 13| o 13]r2{13]1a
FORD PROCO 6] 9f13] aln| 3] 9f11fra] 11| 14 ]12] ef12]r2
VARIABLE CAMSHAFT TIMING 10{13| a|1w0]| 9]:3| s|1a| 8} 8] 0] 5] 8} o] @
WONDA CVCC 2{12]11y12912] slitf3fre} 7§ 11 ] ajw}rw}to
FOUR STROKE DIESEL, OPEN CHAMBER s|10]1a] s]ial 2]1a}10]12] 14 ] 12 |ra] 11 ]1a]1a

SECTION 6.0
IMPROVED FUEL INJECTION

As indicated previously, cooling regquirements,
detonation imits and transient response characteristics
ar? some of the operating limitations that constrain
engine performance Ditferences in fuel metering and
distnibution methods (10) such as carburetor venturn or
injector nozzle delivery, injector location, fuel blend and
vapornization characteristics are important considerations
that signiticantly aftect engine start-up. idie and transient
response Functional differences between continuous
flow and timed fuel injection systems can affect engine
performance and exhaust poliutants Depending on the
engine operating mode, the above constraints can be

10

Qu ‘e subtle or dramatic for a selected fuel metering
approach. Also. ambient temperature, pressure and
humidity (i1) influence fuel metering unit design and
ultimately, engine performance.

6.1 FUEL INJFCTION SYSTEM SELECTION — Six
tuel 1injection systems were evaluated for apphication to
the aircraft piston engine Table 10 presents a listing of
timed, pulsed and continuous fiow fuel injection systems
and their attributes The TCM continuous flow fuel
injection svstem is certiied for aircraft application and s
presented for reference Based on Table 10 and other
performance information, t was possible to make a
rational choice among the contending fuel njection
systems. Table 11 shows the results of a study conducted
for evaluating the most promising fuel injection concepts
and how each ranked in comparison to the cniteria

A modified Simmonds Precision timed fuel injection
system, designated DTU (Development Test Unit), was
selected because 1t contained the necessary design
features that are required to control the mixture ratio,
while providing the capability of exploring vanable
injection iming Also, the Simmonds system has proven
rehabiity in aircraft and miltary apphcations The
Simmonds DTU 1s shown in Figure 7




Table 10 - Fuel injection comparison chart.
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SYSTEM
PARAMETER BENDIX | BOSCH | BOSCH | BOSCH | LUCAS Ismnonos W
0 L K
TYPE OF SYSTEM ELEC. ELEC. ELEC. MECH. ELEC. | SERVO- | mECH.
MECH.
TYPE OF INSECTION PULSED | PULSED | PULSED | CONTIN- | PULSED | TIMED | cONTW-
. 2 @ 2 vous @ vous
INJECTION PRESSURE (PSI) 30 30 ) 4 » 90 8
SPEED SPEED AR AR SPEED | SPEED SPEED
FUEL METERING CONTROL DENSITY | DENSITY | FLOW FLOW | BENSITY | DENSITY | DENSITY
+ + METER + | METER +
ALTITUDE COMPENSATIGN DEVICE DIA- DIA- NONE NONE DIA-  JANEROIDS | ANEROID
PHRAGM | PHRAGM PHRAGM
$12€ [L°W*H (inches) 12°6°8° 3.7¢°8.7 | 5°7°35
Volume {cubic inches) 400 400 580 578 4980 9% 123
WEIGHT () ~ 16 ~ 16 ~ 18 2 ~ 18 12 8
MIXTURE CONTROL DEVICE NONE/S10
NONE NONE NONE NONE NONE QREVER/S80| LEVER
RELA-
CALIBRATION & ADJUSTMENT TIVELY
COMPLEX | COMPLEX | COMPLEX | SIMPLE | COMPLEX | simpte | SWMPLE
AUTO- § o |RCRAFT
APPLICATION AUTO- | AUTO- | AUTO- | AUTO- | AUTO- | MOTIVE | |wous
MOTIVE | MOTIVE | MOTIVE | MOTIVE | MOTIVE [AIRCRAFT] tpiaL
BOAT
Tabile 11 - Fuel injection system concept rank ordering versus criteria importance.
CONCEPT DOMINANT CRITERIA
w 4| 2
IMPROVED z & 9 CRITERIA
FUEL INJECTION 2 s o <3 9 WEIGHTED
SYSTENS o > 3 2 = w RANKING
- o = p
7] w w -4 (C] - -
s | $1 s 8lu | 5| 8
w g a O 2 w O
80SCH D JETRONIC i 4 2 5 3 3 4 3
BOSCH L JETRONIC 4 5 4 4 5 4 5 5
BOSCH K JETRONIC 5 3 5 3 4 5 3 4
SIMMONDS INJECTION 2 2 1 2 2 1 2 1
TCM INJECTICN 3 1 3 1 1 2 1 2
(Modified for density compensation)

1
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Fig. 7 - Simmonds DTU timed fuel injection system.

In this system the fuel injection pump 1s driven by tre
engine at crankshaft speed A wobble plate is connected
to the pump mainshaft and imparts a reciprccating
motion to three fuel plungers when rotated. An oil
operated servo system responding to manifold pressure,
temperature and pressure altitude, varies the plunger
stroke

Fuel distribution from the individual piungers to the
proper injection nozzle 1s coordinated by a rotating

12

distributor valve that permits each plunger to deliver fuel
to two different cylinders on alternate crankshaft
revolutions. This ts necessary on this particular unit
because the pump 15 driven at engine crankshaft speed
and injects over a 180-degree period. On a six-cylinder
engine. for instance, each of the three plungers supplies
fuel to two different cylinders.



Table 12 - Initial engine operating test conditions, 10-5620-D
Manifold Percent Percent
Mode Horsepower Speed Pressure Horsepower Speed
(BHP) {rpm) (in. Hg abs.) (%) (%)
Take Off 300 2850 289 105 105.5
Climb 214 2500 25.0 75 93
Approach 114 2100 20.7 40 78
Taxi/ldie 7 1200 135 3 44
Cruise 1 165 2200 242 58 81
Cruise 2 194 2400 245 68 89
Cruise 3 214 2500 25.0 75 93

6.2 TESTING - Tests were conducted to determine
what advantage could be obtained by using a timed.
density-compensated fuel injection system in
comparison to the TCM low pressure continuous flow
system. The following parameters were investigated:

1) Effect on Maximum power.

2) Effect on exhaust emissions due to injection
timing.

3) Effect on exhaust emissions due to density
compensation.

4) Effect on fuel economy.

5)  Eftect on transient response.

Table 12 defines the engine test conditions which
include the LTO cycle and three cruise cocnditions. Both
the TCM and Simmonds DTU were assessed over the
same operating conditions.

6.3 EFFECTS OF INJECTION TIMING - with
injection duration fixed at 180 crankshaft degrees, the
beginning of injection timing was varied such that total
injection would occur at various times duning the engine
cycle. These changes in timing could only be
accomplished manually when the engine was shut down,
therefore direct comparisons of timing variations could
not be made while the engine was runming.

The region of greatest interest was established
between 180-degrees BTC and TOC on the intake stroke
Starting injection during this interval meant that the 180-
degree fuel spray duration would overlap the intake valve
event (32° BTC - 246° ATC) Figure 8 shows the effect on
CO and HC emissions with injection timing for the LTO
cycle. Fuel flows were held constant at the nominat full
nch production values. Best resuits were established
when the injection period took place just before the valve
opening event.

During this period the HC and CO emission levels
were comparable to the TCM continuous fuel injection
system Starting injection after the intake valve began to
open resulted in considerable increase in hydrocarbons
while the carbon monoxide remained unchanged.

13

The reasons for such a dramatic change in
hydrocarbons 1s unciear. Since the fuel charge is injected
over a 180-degree crankshaft period and the effective
intake valve opening period is 278 degrees, it 1s obvious
that all the fuel charge should be injected into the
combustion chamber even if the injection penod starts
shortly after the vaive begins to open. However, the
dynamics of the system, such as fuel injection pump
piston displacement time, fuel ine pressure rise and
decay ume. fuel nozzle opeming time and induction
manifold tuning all affect the fuel charge timing and type
of charge (droplet size) captured by the combustion
chamber.

A more detailed investigation of the injection penods
between 30° and 90° BTC was undertaken by
establishing mixture ratio vanation data for both the TCM
and the Simmonds DTU injection systems The results of
leaning did not change the above conclusions, that is, the
Simmonds DTU system emission levels were equivalent
to the TCM continuous flow system when compared at
identical fuel-air ratios.

Varying the injection timing had no significant effect
on maximum engine power which repeated within a few
percent of its rated 300 BHP at 2850 RPM and wide open
throttie. Also, fuel economy was not changed when
compared at identical fuel-air rat*ios.

6.4 EFFECTS OF DENSITY COMPENSATION -
Transient response was investigated for both the TCM
and Simmonds DTU system. The test engine was
operated at three steady-state modes; Idie, Taxi, and
Approach. At each of these modes, an attempt was made
to accelerate to wide open throttle conditions. If the
engine did not reach full power operation within a three
second time limit, the mixture ratio was considered
unacceptable.
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Fig. 8 - Comparison of 10-520 CO and HC emissions with TCM and Simmonds fuel injection systems.

For the TCM system, rich mixtures are required atthe
low power regime to provide adequate fuel distnibution to
all cylinders,and to insure adequate engine transient
response. The Simmonds system, which senses changes
in air density and engine speed, 1s capable of accelerating
from much leaner fuel-air ratios.
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A comparison between the TCM and Simmonds DTU
fuel injection systems lean limit acceleration response is
shown in Figure 9 The minimum acceptable fuel-air ratio
for the TCM fue! injection system was 0.0685 in the
Approach mode, compared to 0 0420 for the Simmonds
OTU. Likewise, the Taxi/ldle mixture ratios could also be
considerably reduced, 49% and 56% respectively.
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Fig. 9 - Comparision of minimum initial tuel-air ratios for acceleration from Approach, Taxi and idle with TCM and Simmonds

DTU tuel injection systems.

In orger to fully expiore both the TCM and the
Simmonds DTU systems as to their potential for reducing
emissions and fuel consumption, it 1s necessary to define
the minimum acceptable fuel-air ratios for the LTO cycle.
Table 13 summarnzes the mimimum acceptable mixture
ratios for the two injection systems The Takeoff and
Climb modes are identical because the limting fuel flows
are cooling related In the lower power modes, however,
the limiting fuel flows are acceleration related.

&
[

Approach Taxi |

Simmonds DTU
Fuel Injection System

Since the present TCM 10-520 fuel system is not
density compensating, the fuel flow required for the
Taxi/ldle and Approach modaes are dependent on the fuel-
air ratio required for cold day operation (O° F). As the
induction air temperature increases, the resultant fuel-air
ratio enrichens. For emission purposes therefore, the
minimum acceptable fuel-air ratios were defined at an
induction air temperature of 60° F and the fuel flow
necessary to accelerate the engine at cold day conditions.

15
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TCM continuous flow vs. Simmonds DTU timed fuel injection systems
FUEL - AIR RATIOS
MODE TCM LIMITATION
TO LEAN OPERATION
MINIMUM SIMMONDS DTU
NOMINAL ACCEPTABLE
TAKEOFF 0831 .0800 0800 Cylinder Head Cooling
cLImM8 0824 .0789 0789 Cylinder Head Cooling
APPROACH 0918 0727 0837 Engine Acceleration
TAXI/IDLE 0920 0800 .0634 Engine Acceleration
3.0
T 28r - Fuel Flow, lbm/hr
!l 26k N - Engine Speed, RPM
£ w;. - Fuel Mass Flow Per
8 24 - Injection Stroke
]
<« 22r
~ 20}
® 8 -
x
.g 16}
&
14}
&
2 1.2}
£
E 1.0}
%- 08r
e 06} Fuel Metering
3 ) Requirement
u 04}
0.2 ' L i L L i ) L L 1
12 14 16 18 20 22 24 26 28 30

Manifold Air Pressure, in. Hg Absolute

Fig. 10 - Simmonds DTU fuel metering schedute for 10-520 engine.

For the Simmonds DTU system the low power fuel-air
ratios were determined by the linear fuel metering
characteristics of the Simmonds DTU design, Figure 10
The siope of the 3 - 75% power regime is dictated by the
cruise performance expected for the three combined
concepts The low power fuel-air ratios were then
calculate: based on the scheduled fuel flows at the
respective manifold pressures The resultant fuel-air
ratios were well above the minimum acceptable for
acceleration

16

Based on the mixture schedules shown in Table 13, a
79% reduction in HC and a 58% reduction in CO is
accomphished with a corresponding increase 1n NOXx, as
shown inFigure 11 The above reductions are with respect
to the standard 10-520 nominal fuel schedule In addition
62% and 42% reductions for HC and CO were
accomphshed compared to the mimimum acceptable
standard 10-520 fuel schedule All pollutants were below
the EPA standard for the Simmonds DTU system. Fuel
consumption in the LTO cycle was likewise reduced, as
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Fig. 11 Comparisons of five-mode LTO cycle emissions for 10-520 engine with TCM and Simmonds DTU fuet injection

systems.

shown 1n Figure 12. The Simmonds DTU resuits 1n a 20%
reduction in fuel consumed over the nominal fuel
schedule and an 11% reduction over the TCM minimum
acceptable fuel schedule

6.5 PROTOTYPE DESIGN - The prototype
Simmonds system s the same basic design as the DTU
system The major difference is in the metering fuel
schedule requirements Figure 10 presents the finalized
fuel schedule for the Simmonds system based on
integration with the other two concepts. Fuel fiows in the

17

takeoff (high power) regime were reduced based on the
results of the improved cooling cylinder head, and a
cooling scheme utiizing exhaust air injection. Likewise
the cruise (moderate to iow power) range was reduced to
provide automatic ieaning of the mixture in the 40 to 75%
power range. No reduction in fuel consumption s
envisioned n the cruise mode due to the Simmonds
system, but rather the possible ehmination of the mixture
control lever.
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systems. The contribution of each mode is also illustrated.

SECTION 7.0
IMPROVED COOLING CYLINDER HEAD

When an improved cooling cylinder head was being
considered as one of the concepts for development, the
primary objective was exhaust emissions reduction and
the secondary objective was fuel economy improvement.
The major effect on exhaust emissions would be through
leaner operation during the Climb and Takeoff modes
made possible by reducing thermal load on the cylinder
head while maintatning the cylinder head temperature
(CHT) within imits. A maximum allowable CHT of 460° F
18 the iimiting critenia for leaning the 10-520 in those
modes For some of the improved cooling methods
considered, a secondary emissions benefit could be
realized through increased thermal oxidation of CO and
HC resulting from higher exhaust gas temperatures Any
effect the concept was to have on fuel economy other than
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from leaning would oe through reduced cooling air
requirements resuiting n lower cooling drag. The
magnitude of this effect was not easily predictable,
however, since it was not known at that time what method
would be employed to gain the cooling improvement or,
moreover, how muck that method would allow cooling air
to be reduced. To compound the probiem, very littie
information on the heat rejection patterns of air-cooled
engines was available. It was conjectured. however, that
an 1mproved cooling cylinder head would permit a
significant reduction 1n exhaust emissions through leaner
operation while allowing at least a modest improvement in
fuel economy through leaner operation and reduced
cooling drag. Based on this potential and other cost-
effective ments, the improved cooling cytinder head was
ultimately chosen as one of the three concepts tor further
development



The next task was to determine the best technique for
improving cylinder head cooling. Three possibilities were
considered:

1. Cooling fin geometry redesign.
2. Ceramic coated exhaust ports
3 Exhaust port liners.

The effect of cooling fin geometry (size, shape,
separation, etc.) on finned surface overall heat transfer
coefficient was estimated through use of a TCM cnmputer
program based on techniques developed by Biermann
and Pinkel (12). The other two methods involve thermal
barriers in the exhaust port to promote exhaust gas heat
retention. The relative benefit of the three improved
cooling techniques was compared through an analysis
based on the above computer program and an extensively
modified version of a mathematical model of exhaust gas
heat loss within an engine exhaust port developed by
Hires and Pochmara (13). Based on these analyses as well
as other considerations such as durability, complexity,
cost and weight, an exhaust port liner featuring an
enclosed air space between the liner and port walls was
chosen as the most viable method for improved cylinder
head cooting. An additional merit of such a liner design is
its versatility. The potential existed for adding air injection
which would maintain or improve the cooling potential for
the cylinder head and exhaust valve while increasing CO
and HC oxidation in the exhaust.

Valve
Guide
/I
i
- —
= > Exhaust
—— Valve

JLJJMJ...

7.1 DESIGN CONSIDERATION - Liners that couild be
installed in the cylinder head after casting or even after
maching, called “push-in liners”, are attractive from a
production standpoint, but due to the complex exhaust
port geometry that characterize all TCM cylinder head
designs, a cast-in version was chosen as the more
practical. The basic design called for 0.035 inch inconel
601 to be hydroformed in two pieces and welded to
provide exhaust gas flow passage geometry that
duplicated the geometry of the standard cast port to
preclude any effect on volumetric efficiency. The shape of
the liner is such that the forward end would be cast into
the aluminum around the exhaust vaive seat insert an the
aft end would float (Figure 13), to minimize liner-to-hexd
contact area. Rush (14) conducted experiments with
exhaust port liners in water-cooled cylinder heads and
found that heat transfer through the contact areas, even
though small in surface area, can be significant. Of
course, heat may aiso be conducted along the liner to any
contact areas.

It was further deemed necessary to seal the air space
to minimize exhaust flow into that region. Sealing the aft
end of the liner was accomplished with the seal shown in
Figure 13 that fits tightly around the liner outer diameter
and is bolted to the head between the exhaust flange and
an asbestos gasket reducing heat flow from the liner to the
head. Unfortunately, a seal had to be custom made for
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Fig. 13 - Cross-sectional view of exhaust port liner as cast in 10-520 cylinder head.
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each head to account for liner position variation from
head to head that occurred during casting.

To insure a good seal between the liner and exhaust
valve guide the initial design called for welding the guide
to the liner and casting the head around them as a unit.
This was actually done on the prototype heads, but
misalignment of the valve guide caused by liner shifts
during casting required the guides be drilled out and a
more conventional approach be employed as this
technique would likely be too difficult to implement in
production. An adequate seal was obtained by maching a
45° bevel on the valve guide and a corresponding seat on
the liner (Figure 13), and pressing the guide into the head
through the valve seat opening.

To form the 0.125 inch air gap around the liner a
special core box was fabricated to accept the liner and
allow sand to be blown into and around the outside of the
liner in those areas where the air gap was needed. The
cylinder heads were then cast using the sand coated liner
in place of a standard exhaust port sand core. All the sand
was removed after casting, leaving an air gap between the
liner and port walls. Wall thicknesses around the exhaust
port were maintained at the expense of slightly shorter
cooling fins and 0.125 inch shorter exhaust valve springs.

7.2 INSTRUMENTATION - To determine the effect of
exhaust port liners two 10-520 cylinder heads a standard
or baseline (B/L) head and an exhaust port liner (EPL)
head were extensively instrumented. In the region of the
exhaust port eight chromel-alumel thermocouples were
installed at the locations shown in Figures 14A, B, and C.
Another thermocouple was installed in the combustion
chamber dome of each head between the lower spark
plug and the exhaust valve seat insert because this is
known to be a highly stressed area. This instrumentation
is in addition to the normal cylinder head bayonet
thermocouple and the exhaust gas thermocouple.

Note: T/C 0.25” Deep
All Others Skin Depth

Fig. 14 A, B, C - Location of thermocoupies for comparison of 10-520 exhaust port temperature profiles with and without

exhaust port liners.
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7.3 TESTING - An extensive matrix of data points
were obtained by performing mixture ratio curves
(varying fuel-air ratio) for both of the heads at the
conditions cited in Table 14 for cooling air pressure drops
across the cylinders of 3.0, 5.0 and 7.0 inches of water.
Each head was tested at all combinations of tha three
cooling air pressures at cylinder position 2 and again at
cylinder position 4to allow cor sideration for the effects of
cylinder-to-cylinder variations in induction air, cooling
air, and fuel flow.

Table 14 — Exhaust port liner test matrix
engine operating points

MODE %POWER @ RPM
Takeoff W.0.T. @ 2850
Climb 84% @ 2565
Cruise - 2 68% @ 2400
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Fig. 15 - Effect of exhaust port liner on various operating
temperatures.

Figure 15 presents a typical example of the data
obtained at one power setting (Takeoff) over the mixture
ratio range investigated for one cooling air pressure at
cylinder position 4. Only one of the eight exhaust port
temperatures is presented in this figure, however the
other temperatures follow the same trend as Figure 16
indicates. Conclustons drawn from other combinations of
power level, cooling air flow and cylinder position are the
same as those conclusions from the data presented in
Figures 15 and 16, except the magnitudes differ. The
liners appear to have little effect on the bayonet
temperature or the combustion chamber dome
temperature. The reasons for this are twofold. First, since
the thermocouples are located closer to the combustion
chamber than to the exhaust port, the effect of reducing
exhaust port heat transfer 1s small. Second, the heat
transferred along the liner to the end cast into the
combustion chamber dome could have been quite
sigmficant as Rush (14) suggested. The liners did reduce
exhaust port wall temperatures significantly while
increasing EGT's The magnmitude of these effects in terms
of temperature differentials was found to be independent
of the cooling air flow, all other things being equal Table
15 summanzes these findings by presenting the average
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Table 16 - Change in average exhaust port
and exhaust gas temperatures due to

exhaust port liner
EXHAUST EXHAUST
PORT GAS
Temperature Tempersature
Ruduction, F° Increase, F°
CRUISE - 2
CYL.POS. 2 80 20
CYL.POS. 4 95 26
cLimB
CYL.POS. 2 90 25
CYL.POS. 4 116 30
TAKEOFF
CYL.POS. 2 110 35
CYL. POS. 4 125 40

NOTE: 1. Cylinder Head Bayonet - No Change
2. Combustion Chamber Dome - No Change

exhaust port temperature and EGT differences for power
level and cylinder position. The effect of the liners
improved with increasing power as shown by the
increasing temperature differences with power. The
maximum exhaust port temperature reduction of 125 F°
and the 40 F° EGT increase at Takeoff reflects an 18%
reduction in exhaust port heat transfer to the cylinder
head based on a simple energy balance and the exhaust
port heat transfer computer simulation.

The benefit of liners appeared to be much greater at
cylinder position 4 than at cylinder position 2. This is
thought to be due to cylinder-to-cylinder induction
airflow variation. In addition, testing was performed with
exhaust valves constructed of a temperature-sensitive
material that allowed determination of the maximum
temperature attained at various points on the valve during
a specified test procedure. The exact location of the
points examined are shown in Figure 17. There are fifteen
peripheral locations on the head and thirty-one profile
locations divided into three regions, “Underhead”, “Face"
and "Top of Head". Both B/L and EPL heads with the
temperature-sensitive valves installed were run at Takeoff
and Climb in both cylinder positions 2 and 4 with 5.0
inches of water cooling air pressure. Fuel tlow in all cases
was set for maximum EGT, the most severe condition and
one that is not recommended above 65% power.

In general, the results indicated that in the Climb
mode the valve temperatures in the EPL head were
equivalent to or slightly higher than for the B/L head, hu*
for the Takeoff mode the EPL valve temperatures were
significantly higher than for the B/L valves. Table 16
summarizes the maximum and average temperatures at
the peripheral and profile locations for both Climb and
Takeoff at both cylinder positions. The largest differences
were at Takeoff in the underhead region where valves in
cylinder positions 2 and 4 were , respectively, 121° F and
242° F hotter in the EPL head than in the B/L head.
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Fig. 16 - Effect of liners on exhaust port temperatures.

Maximum underhead temperatures were located at point
8 (Figure 17)., in every case except one, where the
maximum occurred at point 9, one position nearer the
face The importance of this area 1s presented graphically
in Figures 18A, B which show the EPL and B/L vaive
temperature differences as a function of location at
Takeoff power for cyhnder posihon 4 The EPL valve
temperatures were higher in aimost every case but the
maximum differences occurred at or near this underhead
region near the contact point of the valve, iner and vaive
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guide. Thus, it valve guide/port iner contact could be
reduced >r ebhminated then valve temperatures would
likely be reduced in the EPL head. Sodium cooled valves
could be used to imp-ove valve cooling but this would
increase valve guide heat flow. Anotner method is to
incorporate so.ne type of air-cooling scheme using air
injection behind the liner. The results of incorpurating the
latter method will be discussed under exhaust air
injection

Additional testing was done to estabhish the
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Fig. 17 - 10-520 exhaust vaive temperature data point locations.

teasibility of delr ing cooling air flow external to the
exhaust port of the EPL head since this would be a step 'n
the night direction f significant fuel economy
improvement is to e realized from the use of exhaust port
hiners All cooling air was blocked off to the exhaust port
segment of the head by putting a sheet metal shroud on
the EPL head The results of this testing at Takeoff power
are compared to similar data for the B/L head and the EPL
head without the shroud in Figure 19 The exhaust port
temperatures without cooling air were higher than with
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cooling &ir but still considerably below those for the B/L
head. Other temperatures were about the same as for the
EPL head with cooling air Therefore exhaust port iiners
will allow that portior of the cooling air to be deleted
The next stay wa: ) determine how much of the total
cooling air vas requr '3 by the exhaust port sector This
was acco'  .ushed .y using a TCM single-cylinder
research engire corhigured with a standard 10-520
cylinder assemcly Various combinations of cooling arr
flow areas were flowed to define the distnbution
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presented in Figure 20 Based on this testing it was
concluded that exhaust port coohng air for the area
defined by this study accounts for 11% of the total 10-520
engme cooling air (excluding oil cooler)

Even thrugh cylinder head bayonet and combustion
chamber dome temperatures were not significantly
reduced through the use of exhaust port liners as initially
designed. the large reduction 1n exhaust port
temperatures did mernit further consideration of the hiner
as a viable method for improving cylinder head cooling
The reduced exhaust port sector temperatures tend to

25

reduce the temperature gradient across the cylinder head
between the exhaust and intake ports This could reduce
the thermally induced stresses in the head, allowing
higher bayonet temperatures to be attained for the same
level of stress Proof of this supposition would of course
require considerable durability testing

7.4 EFFECTS ON EMISSIONS - Leaning in the Chimb
and Takeoff modes 1s currently limited by the maximum
allowable cvlinder head bayonet temperature of 460 F°
With the use of exhaust port liners this himit might
increase enough to allow leaning to the minimum fuel



flov:s for the Takeoff and Climb modes while maintaining
power. Based on emission characteristics of the 10-520
angine for the LTO cycle, this ieaning would result in 35%
and 12% decreases in CO and HC, respectively, along
with a significant increase in NOx. The resulting levels of
CO. HC and NOx with an improved cooling cylinder head
alone would be 118%, 112%, and 132% of the EPA
standard,

7.5 EFFECTSON FUEL ECONOMY - Cooling power,
P, may be approximated by the following expression:

Paxm Ah 2

where, h is the cooling air mass flow, andAh is the total
head loss. The 10-520 finning is of a geometry such that,

1.76 (3)

Ahaxm
and the additive effect of cooling air mass flow reduction
on cooling power is,

i) ] o

where &P and Am are expressed in percent change.

In the case of exhaust port cooling air, for instance,
the 11% reduction in mass flow becomes a 27.5%
reduction in cooling power by the above equation. If
cooling power for a particular installation is 5% to 6% of
the totat shaft power the 11% reducztion in cooling air flow
represents an improvement of approximately 1.5% in
propulsive power. This can be converted into fuel savings
by taking less flying time at the same fuel flow (at the
expense of increased airframe drag) or the same flying
time at less fuel flow. This 1.5% is considered the
minimum possible with an improved cooling cylinder
head. Additional leaning capability in Climb and Takeoff
will provide slight additional fuel economy improvement
for a typical mission, but time spent in these modes
represents a small percentage of the total time. Exhaust
port liners also offer the possibility of improving the
durability of exhaust valves and guides through the
addition of an air cooting scheme and may permit leaning
to best economy between 65% and 75% power in Cruise.
This could produce substantial fuel consumption
reductions since fuel used in Cruise and Cruise Descent
accounts for 79% of the total fuel used during the example
fiight profile of Table 2.

7.6 DURABILITY - After completing the extensive
testing outlined above plus additional testing to be
highlighted in the following section, no durability
problems associated with the liners were noted. A hairline
stress relief crack was observed in one liner about midway
through the above testing but no further growth or
leakage was observed for the remaining testing.

7.7 PROTOTYPE DESIGN AND FABRICATION - The
basic prototype liner design differs very littie from the
original design. The same material, Inconel 601 is
hydroformed in two pieces and welded together to form
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the same flow geometry as the standard cast port. Figure
21 shows how the aft end of the liner has been extended
0.375 inch beyond the exhaust flange surface to permit
use of the redesigned seal which is intended to preclude
custom fitting a seal to each head. The seal will be form
fitting around the liner outer diameter (O.D.) and will
utilize a low conductivity material in conjunction with
stainiess steel to reduce the flow of heat from the liner to
the head. A circular recess with an O.D. larger than the
0.0. of the seal will be machined in the cylinder head
exhaust flange surface and will house the seal. The
difference in the two diameters will be large enough to
compensate for liner misalignment. The forward end of
the liner 18 again cast in the aluminum around the exhaust
valve seat. Contact between the liner and valve guide will
be eliminated to reduce valve temperatures and to permit
addition of air injection.

SECTION 8.0
EXHAUST AIR INJECTION

The role of exhaust air injection as a means of
chemically oxidizing exhaust pollutants to help meet
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strignent automotive emissions standards is well
established (15 - 20). More recently however, air injection
has been relegated to the job of providing additional
oxygen content to the exhaust gas stream for the purpose
of aiding catalytic conversion which has become
necessary with ever increasing emission control
demands.

Simply, the oxidation of exhaust pollutants through
air injection is intended to convert hydrocarbons and
carbon monoxide to carbon dioxide and water vapor asin
Equations (5) and (6):

CO + 02

(5)
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Fig. 22- The etfect of secondary air injection on exhaust emissions of TCM 0-200-A engine. Comparions between Bendix (15)

and TCM data.

8.1 FEASIBILITY STUDIES - The first noteworthy
application of exhaust air injection to an aircraft piston
engine was conducted in late 1972 by The Bendix
Corporation under contract to the EPA (21). Secondary
air was supphied to the exhaust manmifolds of a Teledyne
Continental Motors 0-200-A engine by a pair of engine-
dniven air pumps. The results of this testing showed that
the exhaust emissions of this engine could be reduced to
values below the proposed EPA standards by simple
secondary air injection

A companson of the Bendix work and subsequent air
injection testing at TCMon the 0-200-A engine is shown in
Figure 22 Baseline emissions for both engines are nearly
the same and air injection results are similar Both show
that air imjection alone i1s capable of reducing exhaust
emissions to levels below the EPA standards The two
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tests differ, however, in the quantities of air injected. The
Bendix test was run with an amount of air added to the
exhaust (27.8% of the induction air) giving equivalent
stoichiometric mixture to the exhaust gas composition,
starting with an induction fuel-air ratio of 0.087 for the
Takeoff, Climb and Approach modes. No airinjection was
added in the Taxi/ldle modes due to difficuity in “lighting
off” the reaction. The TCM testing overcame this difficulty
by injecting air much closer to the exhaust valves in
quantities which could reasonably be supplied by an
engine driven air pump. The result of successful “light off”
in the Taxi/ldie mode is seen in the lower value of totr’
LTO cycle hydrocarbons (20% of the EPA standard)
compared to the Bendix test (33% of the EPA standard).
The higher quantities of air injected during the Climb
mode in the Bendix tests account for the lower emissions



of carbon monoxide (73% versus 88%) for the LTO cycle.

In all, air injection feasibility studies have been
conducted on tour aircraft piston engines at TCM to
determine the effects of air injection on exhaust
emissions. The four engines tested were the 0-200-A
{(carbureted, 100 BHP), the TSIO-520-L (turbocharged,
310 BHP), the GTSIO-520-K (geared, turbocharged, 435
BHP) and the 10-520-D. The results of these studies
indicate that each engine has the potential for mesting the
EPA standards with air injection alone.

Several tests were also conducted using the General
Motors “Pulsair” scheme (18). but the quantities of air
induced into the exhaust manifolds were not sufficient to
reduce emissions at the higher power LTO cycle modes.

The effect of air injection on the individual modes, in
Figure 23, was investigated using regulated. dry shop air,
which allowed a maximum of 86 lbm/hr of air flow to be
injected into the exhaust gas stream. In the Taxi-idle
mode, it an amount of air equal to 45% of the induction air
is injected into the exhaust. then CO and HC emissions
are reduced to only 20% of the original value.

Two phenomena are shown in Figure 23 which
deserve comment As injection air is added, imtially in
small amounts, the CO mass emissions increase slightly.
This is due to the fect that HC i1s being converted at a rapid
rate into CO and CO; Therateof production of CO, being
dominant in the low oxygen content exhaust products, is
faster than the oxidation of CO to CO2, so that a net gain
in CO is observed.

The second phenomenon involves the decrease In
NOx emissions for all modes below about 20% injected
air. In work done by D J Pozmak (19). it was
demonstrated that a chemical reduction of NO occurred
when additional hydrocarbons in the form of ethane
{C2Hg) were injected into the exhaust manmifold near the
exhaust valve A simplhified example of one mechanmsm
suggested by Pozniak invoives the gas phase reduction of
NO in the presence of thermally dissociated
hydrocarbons.

C2H6 ———» H ¢+ Hyditocarbon radwcals {7)
H+NO —~——» N ¢ OH {8)
N¢+NO ——N,+0 9

Further, 1t was found that small amounts of air
injection promoted the NO reducing reactions,
coinciding with previous results cited by the paper which
concluded that reduction of NO by hydrocarbons 1s
influenced by the amount of oxygen present

Apparently, the chemical kinetics of this reduction
process are exceedingly complex and measurements of
exhaust composition far downstream, both in time and
distance. tend to mask the dynamic nature of the
reactions taking place near the exhaust valve

This process i1s thought to be responsible for the
lower levels of NOx observed in Figure 22 and where NOx
went from 14% to 12% of the EPA standard with air
injection An increase in NOx was noted, however, in the
Bendix air injection results due to the larger guantities ot
air which were injected during the high power modes
(27 8% of induction air) Figure 22 shows this increase in
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NOx tor the LTO cycie from 14% ot 16% for the Bendix
results

The conclusion is, that a caretful talloring of injected
air quantiies can result ' lower levels of all three
pollutants

During early testing of the 10-520, suthicient injection
air was not avatlable to determine the potential reduction
of emission possible with air injection alone A logical
extrapolation of the data available, however, gives an
estimate of exhaust emissions of CO, HC and NOx using
air pump performance data. Figure 24 shows that if air
njection was applied to the baseline engine, the levels of
CO, HC and NOx would be reduced to well below the EPA
standard levels (29%, 10% and 15% respectively).

8.2 AIR INJECTION WITH EXHAUST PORT LINERS
- The use of atr injection in combination with exhaust port
liners 1s a rrlatively new concept. The benefits are almost
immediately obvious from Figures 25A, B which show two
designs where the injected air 18 introduced behind the
exhaust port hiner into the air gap region In Figure 25A,
the air exits at the exhaust flange through an annular gap.
thereby scavenging the majonty of the gap volume A
second design (Figure 25B8) shows the injected air exiting
the hner gap volume through an annular gap which 1s
designed to cool the exhaust valve stem.
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The injected air. whose ultimate purpose is to oxidize
HC and CO in the exhaust is employed in these two design
to provide additional cooling to the cyhinder head and the
integrally cast. Inconel exhaust port iner In turn, the
injected air 1s heated, which aids in the oxidation of HC
and CO

The two proposed designs were chosen for their
ability to provide additional cooling to the exhaust port.
port liner, valve guide and valve. rather than for mimimum
emissions In flow tests it was found that. for a given
injected air pressure, the exhaust port liner scavenging
design provided about B- 10% more air mass flow than the
more restrictive valve stem cooling design

Exhaust emissions were not measured during this
series of tests because only two cylinders were equipped
with air injection Cyhnder number 2 had the exhaust port
liner scavenging design and cviinder number 4 had the
valve stem cooling design Temperature sensitive exhaust
valves were used in both, at an air injection rate of 22
ibom/hr The results of the valve temperature survey
compared with bashne and a port hned cylinder head with

Fig. 25 A - Cross sectional view of 10-520 cylinder head
with exhaust port liner scavenging design.

Fig. 25 B - Cross sectional view of 10-520 cylinder head
with exhaust port liner valve stem cooling design.

no air injection, are shown n Figure 26A, B The vaive
cooling, air injection design (Figure 268) was run in
cylinder position number 4 only, andi1s compared with the
exhaust port iiner and the baseline cylinder head valve
temperature profiles The exhaust port liner by itselthada
mean temperature profite difference (Y) of +53.2 F° higher
than baseline while the exhaust port liner with the vaive
cooling air injection design showed a mean value of -51.3
F° or 51 3 F° cooler than the baseline valve temperatures
The largest temperature differences appear in the valve
stem and underhead region, as expected

Figure 26B compares the exhaust port liner and
exhaust port hner scavenging air injection design with
baselhine exhaust valve profile teriperatures in cylhinder
position number 2 A similar efiect 1S demonstrated.
where the exhaust port hner, by tself, gives higher valve
profile temperatures than the baseline cyhnder head (Y=
+67 2 F°), and lower temperatures (Y = —26.3 F°) with the
hner scavenging air injection aesign.

Comparing Figures 26A and 26B, the mean
temperature difference below baseline for the two air
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injecticn designs indicates that, for the same mass flow of
injected air (22 Ibm/hr), the valve cooling design 1s more
effective in cooling the valve (Y = -51.3 F°) than the hiner
icavenging design (Y = —26 3 F°)

On this basis, a modified valve cooling design was
chosen as the best compromise

8.3 PROTOTYPE DESIGN AND INSTALLATION -
During engine testing with an engmine-mounted, beit-
driven air pump, a Saginaw automotive air pump was
used Its counter-clockwise rotation, making compact
instatiation difficult, and unknown durabihty led to the use
of a spline-driven clockwise rotation Airborne arrcraft air
pump for the final integrated design 1he Airborne pump
capacty 1s about 240 pounds of air per hour at 4000 RPM
compared to 210 pounds per hour at 6000 RPM for the
Saginaw pump Since both pumps are of the carbon vane
type. the Airborne pump should provide ionger life due to
its lower vane tip speed Also, thefactthatthe Arrborne arr
pump has been certified for aircraft use would make
engine certification easier

The Airborne pump 1s directly mounted t~ an existing
drive pad on the rear of the engine F.gure 27) and s
driven at 1 Stimes engine crankshaft speed and wouid use
about 6 HP at Takeoff {2% of engine oower) Pump inletarr
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1s taken from the air filter box and distributed by means of
two log mamifolds, each feeding air to three cylinders.
individual air njection lines conduct the air to each
cylinder from the manifolds through Delco “Puisair”
check valves which prevent backflow of exhaust gases
and reduce required pump work.

SECTION 9.0
INTEGRATION OF THE THREE CONCEPTS

As a final proof of the practica!l applicability of the
work which has been accomplished, TCM conducted
verification testing of all three concepts integrated into an
airworthy package based on the 10-520 engine. The
testing consisted of power calibration, transient
response. emission measurement. and tlight test. Figure
27 shows how these concepts were combined into a
compact airworthy package The largest single changeto
standard engine hardware was the new cylinder head
casting and machining The liner, of course, had to be
cast-in with attendant modifications to preserve
structural integnty of the cylinder head. The improved
fuel injection system required that the nozzle boss be
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Fig. 27 - 10-520-D engine with Simmonds fuel injection and air injection.

relocated and redesigned to accept the Simmonds nozzle.
A additional boss was cast on the exhaust port for the air
injection nozzle. These casting changes required the
cylinder head machining procedure be modified
accordingly.

Table 17 presents an estimated fuel economy
comparison between the standard 10-520 engine and the
10-520 with the three integrated concepts. The
comparision is based on the example single-engine
airplane flight profile of Table 2, and shows that the 10-
520 prototype would use 4.6% less fuel than an 10-520
baseline engine.

Average trip fuel economy (miles traveled per gallon
of fuel) increased by 4.8%. Table 18 breaks the profileinto
two segments where the LTO cycle is one segment and
Enroute Climb, Cruise, and Cruise Descent comprise the
seconcd segment. This table points out that of the fuel
consumption 4.6% improvement, 3.7% came from gains
made in the LTO cycle while only 0.9% was derived from
the remaining three modes. This is because fuel
consumption was reduced by 27.4% in the LTO cycle
while the reduction in the other three modes was only

1.0%. Estimated LTO cycle fuel economy improvements
result from:

1. Leaner operation in Climb and Takeoff due to
the improved cooling cylinder head and air injection,
which permit operation at near best economy in Climb
and considerably lean of the current TCM fuli-rich fuel
flow at Takeoff.

2. Leaner operation at Apporach while
maintaining good transient response with the improved
fuel injection system.

Leaning to best economy in Enroute Climb alone
accounted for the 1.0% improvement in the remaining
modes since both the standard TCM fuel injection system
and the improved fuel injection system permit leaning to
best economy at 65% and 55% power in Cruise and Cruise
Descent, respectively.

Figure 28 presents an estimated fuel economy
comparison between the standard 10-520 engine and the
prototype 10-520 with the three integrated concepts for
non-stop flight distances up to 600 statute miles. The
curve is truncated at 19.8 miles as that corresponds to the
distance assumed covered during the five-mode LTO

Table 17 - Fuel economy comparison of a typical single-engine aircraft flight profile
with baseline and prototype 10-520 engines.

10-520 10-520
BASELINE PROTOT"PE % CHANGE
TOTAL DISTANCE TRAVELED (STAT. MILES) 329. 329. 0.
TOTAL TIME (HOURS) 223 2.23 0.
TOTAL FUEL CONSUMED (GALLONS) 263 251 -46
AVERAGE TRIP FUEL ECONOMY (MPG) 125 131 +4.8
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Table 18 - Fuel economy comparison of a typical single~engine aircraft
over five-mode LTO cycle with baseline and prototype 10-520 engines.

FUEL CONSUMED (Gallons) CONTRIBUTION TO
% OF TOTAL 10-520 10-520 TOTAL FUEL
TIME DISTANCE BASELINE PROTOTYPE % CHANGE CONSUMTPION REDUCTION
LTO CYCLE 204 6.0 36 2.6 ~-214 3%
ENROUTE CLIMB
CRUISE 19.6 940 221 225 - 10 0.9%
CRUISE DESCENT
TOTALS 100.0 100.0 263 251 - 4.6%
10-520 D24X S/N 583275
wd SIMMONDS FiS/90° BTCH INJECTION/2500 RPM. 25~ Ng ADMP
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Fig. 28 — Fuel economy comparison of a typical singte MEASURED FUEL-AIR RATIO
engine aircraft with baseline and prototype 10-520 engines Fig. 29 - Comparsion between standard ignition timing and
as a function of distance traveled. MBT timing, and the effect on EGT and BSFC.

portion of the typical flight profile of Table 2. The figure e

illustrates that the 10-520 prototype would use 27.4% and i U ol
4 6% less fuel than the baseline for the LTO cycle and e
typical fight profile of Table 2, respectively. Since very
little of the fuel economy improvement is attributable to
modes other than the LTO cycle the fuel saving from the
prototype engine decreases markedly with distance,
which indicates that significant reductions in overall fuet
economy require improvements in the cruise mode.

A comparison of the emissions for the standard
engine configuration and the engine configured with
improved fuel injection system, improved cooling
cylinder head, and air injection is presented in Table 19.
The comparison 1s made for the 5-mode LTO cycle as 0

BSCO
»

BSNHC , 100V BMP-Iw 3 10*
o o
]
\
N
)(

Table 19 - Comparison of 10-520 emission
levels for five-mode LTO cycle

% EPA STANDARD

BSNOs, Iom/BMHP-hr & 10°
- N W

CONFIGURATION (of0)] HC NOx -
bAoA Aot — 0 o
10-520 BASELINE 182 127 10 b o o7 0o 09 0
MEASURED FUEL-AIR RATIO
10-520 PROTOTYPE 20 1 9 Fig. 30 — The effect on emissions of Co, HC and NOx, of
(CONCEPTS A+B+C) MBT timing compared with standard fixed timing.
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defined in Table 3B, and basaline emissions are based on
nominal production fuel flows.

The prototype 10-520 emissions of Table 19 are
based on the leanast possbile tue! flows for each of the
tive modes which resuits in the lowest fuel use forthe LTO
cycle. See Appendix A., for detailed data on exhaust
emissions measurements and calculations.

SECTION 10.0
VARIABLE IGNITION TIMING STUDY

In Table 9, the various concepts being considered in
this study were ranked in order of importance. One of the
easiest concepts to implemnent into a new engine design is
variable ignition timing which ranked third in both
adaptability and integration Its effect on NOx emission,
however, was known to be negative while at the same time
having a positive effect on fuel economy. Aithough
variable igmition timing was not chosen as ong of the three
pnncipal candidate concepts, its value was considered
suthicient to warrant further investigation for the sake ot
improved fuel economy.

As an addition to the orniginal contract scope of work,
vanable igmition timing was explored independently o!
the three principdal concepts Using the 10-520 engine, a
performance map was run over the entire range of engine
speeds, manitold pressures and fuel-air ratios for power
levels from 26 to 76% of maximum continuous power (285
BHP) For each point. minimum spark advance for best
torque (MBT) timing was recorded along with exhaust
emissions and other engine operating parameters in all,
556 individual operating points were recorded for the
engine map matrix

Figure 29 1s typical of the results of the testing. The
standard fixed magneto timing for the 10-520-D engine 1s
22° BTC MBT timing vanes from a minimum of 25° BTC
at best power fuei-air ratio to 30° BTC at best economy
fuel-air ratio The conclusions of the testing showed that
for this engine a fixed timing setting further advanced
than the standard 22° BTC would provide fuel savings
close enough to that obtained with MBT timing provided a
sufhcient detonation margin could be demonstrated The
compromise timing selected was 27° BTC whichis MBT
timing for a fuel-air ratio midway between best power and
best economy fuel-air ratios, which results in a 2% fuel
economy improvement for cruise operation. No
detonation was detected at any of the MBT timing settings
for the sea level testing whichwas conducted Detonation
margin was not determined for any of ..ese points
however

As expected. MBT timing had no etfect on emissions
of CO, a small effect on HC, and caused increased oxides
of nitrogen at the leaner fuel-air ratios as shown in Figure

%. SECTION 11.0
FLIGHT TESTING

Flight testing was conducted at TCM, from Brookley
Airport iIn Mobile, Alabama The test airplane was a 1979
Cessna 210N Centurnion I, registration number N5525A

The airplane was instrumented (see Appendix B) in
its onginal conditicn and baseline fhight tests were
conducted with the production engine Upon completion
of the emissions testing on the prototype engine, it was
installed in the arr-frame and companson testing was
done
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Qualitatively, the airplane flew and handied wel with
the prototype engine and the only problem was backfiring
in the exhaust after rapid throttle closing. This problem
could easily be fixed by using a manifold pressure
controlied vaive to shut off air injection at lower than
normal manifold pressures.

A comparison was made between the baseline and
prototype flight test engines over a typical flight profile
identical to that in Table 2, for the fictional airframe used
for illustrative purposes in Section 4.0 of this report. The
distance 328.8 statute miles remains the same and all the
times-in-mode remain the same except for time spent in
the Cruise mode. This time was adjusted 8o that the
distance traveled came out to 328.8 statute miles at the
actual measured true air-speed in both ca.es. The resuits,
presented in Appendix C., show that the prototype engine
with standard fixed magneto timing of 22° BTC got 6.3%
better fuel economy over the flight profile than the
baseline production engine.

The majority of the fuel savings came Luring the
Climb, Enrouie Climb and Approach modes as expected.
Of the nearly 10 pounds of fuel saved during the flight
schedule, about 17% was saved during the Climb mode,
46% during the Enroute Climb mode and 27% during the
Approach mode. During both Climb and Enroute Climb,
cyhinder head temperatures for both the baseline and
prototype engines remained comfortably below the 460° F
limit, in most cases by at least 100°F.

Some flight testing was conducted with the prototype
engine magneto timing advanced to the 27° BTC selected
as the best compromise from the variable ignition timing
study. Detonation margins at this setting were not defined
so takeoff and climb were performed at power/speed
conditions less severe than those specified in Table 3A to
minimize the possiblity of detonation. Test stand data
indicate that a fuel economy improvement of 2% wouid be
expected. Aithough no detonation was detected, the
anticipated reduction in fuel consumption could not be
absolutely confirmed. This is attributed to difficulty in
consistently setting up equivalent baseline and prototype
test conditions and accurately measuring small fuel flow
differences in a flight test environment.

Appendix D., shows photographs of the prototype
engine and installation in the Cessna 210, as wel! as the
cockpit flight test instrumentation.

SECTION 12.0
CONCLUSIONS

A methodical study has been conducted to select and
apply items of known technology to an aircraft piston
engine for the purpose of reducing exhaust emissions
while at the same time improving fuel economy.

The use ot an improved fuel injection system along
with exhaust port liners and exhaust air injection has been
shown to be a means of achieving these goals safely.

It 18 clear that efforts aimed at significant reductions
in overall fuel consumption must be applied to the Cruise
mode where the majority of the fuel 1S used.

The following conclus'ons were reached as a result of
this work

1 The EPA standards for CO, HC and NOx can be
met by a combination of improved fuel injection, exhaust
port iners and exhaust air injection for the |0-520 engine.

2 The basehne 10-520 engine can meet the EPA



standard for Co, HC and NOx using 2ir injection alone,
with no improvement in fuel economy.

3. The EPA standards for Co, HC and NOx can be
met by using only the Simmonds improvaed fuel injection
system to provide a .eaned fuel schedule for the 10-520
engine.

4.  Fuel economy of the 10-520 engine can be
improved up to 6.3% over a typical single-engine airplane
flight protfile.

5.  The use of exhaust air injection in combination
with exhaust port liners reduces exhaust vaive stem
temperatures to levels below that of the bassline engine,
which could result in longer valve guide life.

6. The use of exhaust port liners alone, can
reduce engine cooling air requirements by at least 11%
which is the equivalent of a 1.5% increase in propulsive
power.

7. A fixed ign..ion timing of 27° BTC (5°
advancement over the standard timing) provided a test
bed fuel economy improvement of 2% for cruise
operation, however this improvement could not bg
substantiated during the flight tests.

in a more general sense it can be concluded that the
work accompliched satisfied the basic purpose of the
contract, tc produce the technology necessary to meet
the above objectives. That technology included three
approaches:

1) Improving fuel metering for better fuel - air ratio
control.

2) Reducing heat transfer from exhaust gases to cylinder
heads.

3) Oxidation of exhaust pollutants.

The particular hardware or means utilized for this
program may not necessarily represent the most cost-
effective means ot incorporating this technology: an in-
depth cost analysis being outside the scope of work. For
instance, the fuel injection system selected served well as
a tool to demonstrate the benefits of improving fuel-air
ratio control but could prove to be too expensive for
production. It should not be concluded from this that
incorporating technology Item 1 above into a production
engine is too expensive but rather the particular fuel
injection system in question is too expensive and some
less costly means of integrating this technology should be
incorporated into the production design. A closed-loop
slectronic gystem monitoring EGT or exhaust oxygen
level, for example, might be combined with a less
expensive tuel injection system to produce a more cost
effective system to control fuel-air ratio. Similarly, in
reducing heat transfer from exhaust gases to cylinder
heads, the use of thermal barrier coatings and/or
improved exhaust port design might produce bensfits
similar to those obtained with port liners at less cost. A
similar argument could be made for oxidation of exhaust
pollutants by air injection.
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APPENDIX A.

Exhaust emissions for 5-mode EPA cycle for the three combined concepts.

10520D59X, SER# 174640R, NASA PROTOTYPE ENGINE. 01-24-80, 5 - MODEL LTO CYCLE EMISSION LEVELS.
CONCEPTS A, B PLUS C OPTIMIZED.

PBARO TORY TWET FUEL HYDROGEN- TAMB RATED CiD EXHAUST H20 IN AIR
INHGABS DEGF DEGF CARBON RATIO DEGF HP INCH**3 C — H FORMULA PERCENT
30.124 60.00 52.30 2.1250 88 00 300.00 §20.00 3000 5 550 0850
UNITS MODE 2 MODE 3 MODE 4 MODE 5 MODE 6 TOTAL
RUN NUMBER - 366. 362. 401 365 366
TIME IN MODE MINUTES 12.00 0.30 5.00 6.00 400 27 30
FUEL FLOW LB/HR 10.14 147 00 104.30 5010 1014
INDUCTION AIR FLOW (W) LB/HR 161 00 1843.00 1315.40 785.00 161 00
EXH. AIR INJ. FLOW (D) LB/HR 145.00 288.00 269 50 23700 145.00
HYDROCARBON CONC. PPM-C W 120.00 40 50 18.00 1500 12030
OXIDES OF NITROGEN CONC PPM
w 20.00 225 00 375.00 1700.00 20.00
CARBON MONOXIDE
CONC. PERCENT 0.35 35 163 0.21 0.35
CARBON DIOXID: CONC  PERCENT 9.40 12.50 13.40 1189 940
OXYGEN CONC. PERCENT 10.50 oA 0.25 5.80 10.50
WET CORRECTION FACTOR - 0.85403 0.85403 0 85403 0 86388 0.85403
PROP TORQUE FT-LB 34.00 554 00 449 00 285 00 34 00
PROP. SPEED RPM 1200.00 2850 00 2500 00 2100.00 1200 00
MFLD PRESSURE IN HG ABS DRY 12.00 28.80 25 80 21.00 12 00
INDUCTION AIR TEMP DEGF 63.00 60.00 61.00 61.00 63 00
COOLING AIR TEMP DEG F 94.00 99 00 99.00 95.00 94.00
COOLING AIR DELTA P IN H20 070 1.80 100 0.90 070
MAX CYL HEAD TEMP DEG F 265.00 449.00 410.00 358 00 265 00
EXHAUST GAS TEMP OEGF 808.01 1652.00 1661 00 1265.00 808 00
DESIRED F/A Le/LB 0.063+0 0 08000 0.07890 0.06370 0.06340
INDUCTION F/A RATIO (D) LB/LB 006339 008028 0.07981 006424 0.06339 006677 TA
IND F/A EQUIV. RATIO (D) — 095 1.20 119 0.96 095 100 TA
TOTAL F/A RATIO (D) LE LB 0.03325 0.06937 0.06617 0.04927 003325 004320 TA
ENGINE OBSERVED POWER HP ™ 300.63 21373 113 96 77
OBSERVED BMEP PSI 9.86 160 66 130.21 82.65 9.86
OESERVED BSFC LBM/BHP-HR 1.3056 0.489 0.488 0440 127
**CARBON BALANCE MASS EMISSIONS**
HC EMISSION RATE LB/HR 0.01431 0 04268 001434 000705 001431
BRAKE SPECIFIC HC LBM/BHP-HR 000184 000014 000007 0 00006 000184
HC MASS / MODE LB 0.00286 0 00021 0.00119 0 00070 000095 000593
HC MASS / RATED HP LB/HP 000002
HC - PERCENT OF EPA STANDARD 104
CO EMISSION RATE LB/HR 071940 83 76755 22 38448 172070 071940
BRAKE SPECIFIC CO LBM/BHP-HR 0.09261 021211 010473 0.01510 009261
CO MASS / MODE LB 0.14388 031884 186537 0 17207 004796 2 54812
CO MASS / RATED HP LB/MP 0.00849
CO - PERCENT ~* €PA STANDARD 20.22
NOX EMISSION RATE LB/HR 000791 078618 099046 2 64850 0 00791
BRAKE SPECIFIC NOX LBM/BHP-HR 000102 000262 000463 002324 000102
NOX MASS / MODE LB 000158 000393 008254 0.26485 000053 0.35343
NOX MASS ' RATED HP LB/HP 000118

NOX - PERCENT OF EPA STANDARD
7854
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. Elapsed time
. Calibrated Crankshaft Speed
. Indicated Crankshaft Speed

Crankshaft Torque

. Indicated Fuel Flow
. Fuel Injection Pump Capsule

Chamber Manifold Air Pressure

. Manifold Pressure, Line Tee

8. Peak Exhasut Gas Temperature

9. Engine Oil Temperature

10
11
12

13.

14.

15.

16.

17.
18.

19.
20.
21.

24
25.

. Exhaust Gas Plume Temperature
. Cowl Flap Position

. Calibrated Airspeed, Normal
Pitot Swatic Source

True Airspeed, Probe Pitot
Static Sousce

Rate of Climb
Rate of Descent
Qutside Air Temperature (OAT)

Cabin Density Altitude
Indicated Altitude

Cabin Vent Position
Barometric Pressure

Vapor Pressure

Wet and Dry Bulb Temperature
. Cooling Air/A P, Upper
Cooling Air Static P, Lower

Cylinder Head Temperature,
Reference

. Fu?l Injection Pump Flow
Rat»
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Flight test instrumentation equipment lists.
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RECORD
Clock and Recorder Chart Speed, hi.:min
Electro-Optical Index, rpm
Aircraft Indicator, rpm
T gital Readout, 0-560 fi-1b.
Aircraft Indicator, Ib/hr

Fressure Gage, MAP-3 or CCMAP
0-40 in. Hg.

Pressure Gage, MAP-2, O-4v in. Hg.
Digital Readout, CH No. 6, °F

Aircraft Indicator, 1/4 ot 1/2 of
Green Arc.

Temperature Gage, EGPT, 0-600°F
Detent Location, 1-8

Aircraft Airspegd Indicator, KIAS
corrected to KCAS

Installed Airspeed indictor,
Corrected MPH

Aircraft Indictor, Ft/min., @ 100
KIAS and Zero Wing Flaps

Aircraft indicator, ft/min., @ 2300
RPM and Zero Wing Flaps

Cabin Thermometer and Digital Readout
(Ref. CH-23, Prime for LED)

Absolute Prssure Gage, CPA, 0-30 in. Hg.

Aircraft Aitimeter, ft. ASL and
window Barometric Setting, in. Hg.

Control Locations, OPEN/CLOSE

Mercury Barometer, in. Hg.

Psychometric Chart, in. Hg.

Thermometer and Sling Psychrometer, °F/° F
Pressure Gage. 0-20 n. H20

Pressure Gage, 0-20 in. H20

Temperature Gage, C: iT-5 (Hot)
0-460° F

Gage, Total Fuel Flow x10, Ib/hr
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STRIP CHART RECORDER (SCR2) — HONEYWELL RY 15303846, 24-CHANNELS
Measurement Teansducer Channel No.
1. Cylinder Head Temperatures (6) Thermocouple. Type J. 1-6
iron-constantan
2 Exhaust Gas Temperature (6) Thermocouple. Type K, T-12
Chromael-alumel
3 Fuel Temperature. Flow Meter Thermocouple. Type J. 13
inlet, S/N 23022 (1) tron-constantan
4 Cooling air intake Plenum Thermocouple, Type J. 14818
Temperature (2) — Lower lron-constantan
(CH-14). Upper (CH-15)
S Cooling Air Cowting Exit Thermocouple. Type J. 168 17
Temperature (2) — R H Vent Iron-constantan
{(CH-16). L H vent (CH-17)
6 Engine Induction Awr Bor Thermocouple. Type J. 18
Temperature, At Throttle iron-constantan
Body (1)
7 A Imection Pump Discharge Thermocouple. Type J. 19
Temperature (1) lron-Constantan
8 Exhaust Port Skin Temperature Thermocouple. Type J 2082
(2) — Cyt MHd No 1 (CH-20}. lron-constantan
Cyl Hd No 6 (CH-21)
9 Outside Air Temperature (2)— Thermocoupile, Type J, 23

RH Wing (Pnme). Cowling
Landing Light Instl {Secondary)

Iron-constantan

STRIP CHART RECORDER (SCR1) — ESTERLINE ANGUS, 910121, SPEED SERVO II, 2-CHANNELS

Mqu

1 Fusl Injection Pump Fiow Rate.

Total (1)

2 Crankshaft Torque (1)

Transducer _Channel No. Range Setting
Floscan. Turbine Transducers,
Model 2018 1 — Red WX2
S/N 23022 (Inlet) & S/N
23023 (return). 0-200 ibm/ hr
Lebow Torque Sensor & 6 — Green Qxtw

Signat Generator,
0 - 1000 f1-ib

RECORDING OSCILLOGRAPH (SCR3) — CONSOLIATED ELECTRODYNAMICS CORP., 5-124A, 8-CHANNELS

Measurement

1 inguction mandold Aw
Pressure (1)

2 Throttle Control Pusition (1)

3 Servo O Iniet Pressure (1)

4 Mixture Control Position (1)

5 Air Inp ction Pump Discharge
Fressure (1)

6 Crankshaft Speed (1)

Tranducer

Bourns Press e Transducer,
0-15 psia. Model No 4271,
P/N 200451006

Bourns Position Potentiometer.

0-80° . Model No 2051085014
2250, 2K Ohms

Bourns Pressure Transducer,
0-100 psig.
P'N 200556101

gourns Position Potentiometer
0-80°. P N 2051085014
225 1n 2K Ohms

Bourns Pressure Transducer,
0-25 psig P N 2055431003

Anadex P1-800 Frequency to
Voltage Converter with Eiectro
Products 3010 AN Magnetic
Prichup. 0-3000 rpm
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Amp No 2

Amp No 3

Amp No 5

Amp No 1

Amp No 6

Amp No 4

Channel No.

. Range Setting

20mvdc. Gaivanometer No 8,
1div = 2 Hg

100 mvdc. Galvanometer No 9.
1dw VO

10 mVde. Gaivanometer No 11
v 10 psi

100 mvdc. Galvanometer No -
tawv - 10°

100 mVdc Galvanometer No 12.
Tdiv - 1 pss

5 0 vdc. Galvanometer No 10
t div 200 rpm
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Flight test comparison results — Baseline versus prototype engine.

BASELINE ENGINE PROTOTYPE ENGINE
1 IME FUEL PERCENT FUEL
IN DATA FUEL USED FUEL DATA FUEL USED
MODE OF MODE POINT FLOW PER MODE SAVED POINT FLOW PER MODE
r()PERATION (MIN.) NUMBER {lbm: nr) (tbm) PER MODE | NUMBER (\bm/he) (tbm)
IDLE OUT 10 300.0 10 012 03 10 89 0.18
TAXI OUT 10 3010 180 330 15 20 172 .18
W — ———— —_— -—
TAKEOFF 03 3020 1520 0.76 03 30 1454 073
cLIiMB 50 3030 140 950 6.9 40 939 7.83
enmOUTE || ; -
CLIMB 75 3060 1248 1560 | 460 | 7O | 883 1104
CRUISE 832 570 780 108 16 70 680 778 107.47
B I S e R e e e e e < e 2
CRUISE | [ )
_ DESCENT | 90 22 646 969 || ac 833 | 626 | 939
APPROACH 60 3090 810 810 269 835 543 543
- - - o - - +- - - - -9 - —{Lr B ———— «———{r——"——«-—“ -
a~ TAXIIN 30 310 180 090 -08 870 196 098
I -4 .- - -t - .- 4 - by — B R B e T, e
IDLE IN 10 3120 60 010 05 880 89 015
k = - S & a3 -4 R e ¥ - Py 4 e e ~ = itars ARt fupra el gt e
TOTALS 127.0 - - 156.23 100.0 - - 146.32
Lo 2 - P e I N e 3 e o TN S el
__BASELINE _ . PROTOTYPE
AVG TRIP FUEL ECONOMY (mi gal) 123 IR
AVS TRIP SPEED (mu hr) 1553 1553
PERCENT FUEL USED DURING LTO CYCLE 146 126

"EMISSIONS LANDING TAKEOFF (LTO) CYCLE MODES
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